Resveratrol, existing in two isomeric trans-and cis-forms, is a phytoalexin that has pharmacological activities, like anticancer and anti-cardiovascular diseases as well as life-span increasing properties. Grapes are good sources for resveratrol introduction in the human diet not only directly, but also through its products: wine. In the present work, trans-resveratrol determination and the separation of resveratrol isomers were investigated by the use of micro-high performance liquid chromatography. The analysis conditions were optimized. The baseline separation of trans-and cis-resveratrol was obtained. Further, a trans-resveratrol determination of some grapes growing in Shacheng, Huailai, Hebei province, China was carried out with our analytical method. The concentrations were 6.77 ± 0.12 and 3.95 ± 0.18 (mg/g fresh weight) for merlot and cabernet sauvignon grapes, respectively.
Introduction
Phytoalexins are a group of low-molecular-mass compounds existing in grape vines and a large number of plants in response to stressful situations, like microbial infections and UV irradiation. 1 Resveratrol (3,4¢,5-trihydroxystilbene), which is a phytoalexin belonging to stilbenes, has attracted great interests in recent years, stimulated by research concerning the "French paradox", a phenomenon known as a low incidence of cardiovascular diseases coexisting with the intake of a high-fat diet in France. 2 Through regulating vasodilator and vasoconstrictor production, inhibiting oxidative stress/reactive oxygen species (ROSs) generation and low-density lipoproteins (LDLs) modification, together with its anti-inflammation and anti-platelets aggregation properties, resveratrol exerts its beneficial effects on cardiovascular diseases. 3 Meanwhile, because resveratrol shows striking inhibition activities at three stages, namely the initiation, promotion and progression of the cancer development process, 4 this component is also considered to be as a potential cancer chemoprevention agent in the future because of its ability to down regulate the activation of NF-kB, causing cell-cycle arrest in the G1 or S-G2 phase transition, which results in a decrease of cell proliferation, induces apoptosis and inhibits the activity of cyclooxygenase. [4] [5] [6] All of these events are related to cancer diseases. More recently, a breakthrough was made concerning the properties of resveratrol: That this compound can increase the life span of yeast by 70% through activating proteins of the sirtuin family. 7 Although resveratrol has been found in more than 72 plant species, such as peanuts, eucalyptus, spruce, lily and mulberries, grapes and their product, wine, have been reported to provide abundant natural sources of this compound. Numerous studies aimed at the determination of resveratrol in all types of commercial wines established that red wine generally contains higher amounts of resveratrol than white wine due to vinification techniques, particularly maceration with skins. [8] [9] [10] [11] However, variations in the contents of resveratrol in the same kind of wine from different sources seem to be related not only to the wine-making process, but also the source itself. 12 It has been reported that the resveratrol concentration increased during fermentation on the skins, but the amount extracted was dependent on the variety and enological conditions. [12] [13] [14] These results indicate that it is necessary to perform resveratrol analysis in grapes in order to select those with high resveratrol content as sources for high-quality-wine production. This kind of research may also provide valuable information concerning the dietary consumption of grapes.
Given the pharmacological importance of this compound, the quantification methods of resveratrol are evolving rapidly. Among those methods developed for resveratrol analysis in grapes, gas chromatography-mass spectrometry (GC-MS) provides excellent sensitivity and specificity. 15 However, the derivatization of the sample required prior to the analysis to increase the sample thermal stability and volatility as well as the high temperature used at the injector, column, and ion source (250 -300˚C) might cause partial isomerization or degradation of resveratrol, and thus result in an inaccurate quantification. High-performance liquid chromatography (HPLC) with UV absorbance detection, fluorometric detection and diode-array detector is the most common method. [16] [17] [18] However, this method normally takes a long time, which is still not ideal for resveratrol 1020 ANALYTICAL SCIENCES AUGUST 2008, VOL. 24 analysis, considering the unstable property of this compound. 19 Additionally, capillary electrophoresis, like micellar electrokinetic chromatography (MEKC), has also been developed for resveratrol determination in wine, but has not yet been applied to grapes. 19, 20 Although this provides a fast and cost-effective method for resveratrol determination, one major disadvantage of this method is its poor precision when performing large-scale sample analysis, due to many technical reasons. 21 Thus, this method is still not the best for resveratrol analysis, and a simple, fast, reliable and cost-effective method is still being sought, considering the extremely low amounts of resveratrol existing in grapes and its unstable properties. 13, [17] [18] [19] 22 Micro-high performance liquid chromatography (m-HPLC) is a method developed with the goal of lowering the detection limits and increasing the method sensitivity of liquid chromatography analysis after being realized that the use of a smaller diameter column would improve the sensitivity. 23 Another advantage of using m-HPLC is low solvent consumption of the technique, which results from the requirement of a low flow rate. The low flow rate property also makes m-HPLC very amenable to be combined with MS detection, which is a more sensitive, informative and accurate detection method. At present, m-HPLC has been developed into a hot separation technique and applied to proteomics, natural products and the environment. Just recently, this method has also been applied to the analysis of resveratrol in wines. 24 Previously by using a standard resveratrol sample we compared m-HPLC with MEKC; the results showed that a good separation of trans-and cisisomer was also observed with m-HPLC, like by using MEKC. 25 To test the applicability of m-HPLC for real sample analysis, herein we report on our initial investigation of using m-HPLC for trans-resveratrol analysis from grapes grown in Shacheng (Huailai), Hebei province, China. This area is believed to be an ideal high-quality vine-producing place in China, belonging to the golden belt of the worldwide vine-planting area located at a latitude of 40˚ north. The area has unique weather conditions for vine planting. This is the first report concerning the quantification of trans-resveratrol content from those grapes grown in this area.
Experimental
Apparatus m-HPLC was performed on a TriSepTM-2000 GV system (Unimicro Technologies, Inc., Pleasanton, CA), which comprised a solvent gradient delivery module, a variablewavelength UV/Vis detector, a micro fluid manipulation module (including a 20 nL injector), and a data-acquisition module, as described in our previous papers. 25, 26 A continuous flow is generated by merging two flows in a mixer. After splitting in a T-piece, the flow enters a capillary column through a 20 nL rotary-type injector (Valco, Houston, TX) under constant pressure controlled by a back-pressure regulator. A Chromatographic Anastar Station was used for data acquisition and data handling.
Chemicals and materials
C18 capillary columns (240 mm ¥ 75 mm i.d., effective length 160 mm) packed with 3 mm ODS particles were supplied by Unimicro Technologies Inc. (Pleasanton, CA). Acetonitrile obtained from Tianjin Chemical Company (Tianjin, China) was of chromatographic grade. Ethyl acetate, obtained from Xinke Chemical Inc. (Heibei, China), was of analytical grade. Doubledeionized water was used. A back-pressure regulator, mixer, cross, tee, filter, and injector were all purchased from Upchurch Scientific (Oak Harbor, WA). The standard trans-resveratrol was purchased from Sigma Chemical Co., and cis-resveratrol was prepared from the trans-isomer by UV irradiation conducted under an intensity of 180 mW/cm 2 at 366 nm. 22, 27 The analyzed grape samples were provided by China Great Wall Wine Company Ltd. They were grown in Shacheng (Huailai), Hebei province, China.
Sample preparation
Sample handling was based on previous reports 17, 18 after modifications: prior to analysis, 20 g of grapes were first frozen in a -20˚C freezer, and then homogenized for 30 s in a blender with 50 mL of ethyl acetate, and maintained at 25˚C for 20 h, with gentle stirring. The extraction procedure was repeated one time. The extract was filtered through a stainless-steel colander and evaporated to dry by rotary evaporation at 30˚C. 22 Finally, the residue was dissolved with 2 mL acetonitrile. The samples were stored at -4˚C after a pretreatment, being ultrafiltrated through Whatman inorganic Anopore membrane filters (Anotop 10 plus, 0.22 mm), and sonicated before injected into the TriSepTM-2000 GV system.
Analytical procedure
Each standard and sample was injected in triplicate into the TriSepTM-2000 GV system with UV detection; the column temperature was maintained at room temperature. The mobile phase consisted of various ratios of an acetonitrile/water mixture with 0.5% formic acid, at a flow rate of 0.02 mL/min. After splitting in a T-connector, the flow entered a capillary column through a 20 mL rotary-type injector under constant pressure, controlled with a 1000 psi back-pressure regulator. Detection was performed at a wavelength of 306 nm, as previously reported. 19, 27 The run time was set to 15 min. Methanol was selected as a marker to obtain the void time (T0). The identification of resveratrol was carried out by a comparison of the retention time of each standard and that within the extracts. All of the solutions used were filtered through a 0.22 mm micro filter.
Results and Discussion

Optimization of the separation conditions by the use of standards
Resveratrol exists in both isomeric trans and cis forms (Fig. 1) . Even though both forms occur naturally, most of the recorded health benefits are attributed to the trans-version. Our first effort focused on optimization of the separation conditions in the m-HPLC system for these two isomeric forms.
To optimize the separation of resveratrol isomers, a series of experiments were conducted by changing the acetonitrile concentration. Different concentrations (20/80, 30/70, 40/60 and 60/40 (v/v)) of the acetonitrile/water mixture with formic acid were used to study the effects of the mobile phase on the retention time, retention factor, selectivity factor, column efficiency (N/m), and resolution in order to optimize the reasonable separation conditions. In our system, the mobile phase was pushed under a constant pressure of 1000 psi; the real flow rate of the mobile phase increased with a decrease in the viscosity of the mobile phase. Therefore, the void time (T0) decreased with an increase of the acetonitrile concentration. Methanol was used as a marker in various mobile-phase conditions to obtain an accurate void time. The results are given in Table 1 and Fig. 2 .
With an increase of the acetonitrile concentration in the mobile phase, obviously, the retention of solutes decreased. As shown in Table 1 , the selectivity factor of trans-and cis-resveratrol decreased with an increase in the acetonitrile concentration. In addition, the resolution of the two isomers of resveratrol also decreased with an increase of the acetonitrile content in the mobile phase. Nevertheless, in 20 -60% acetonitrile concentrations, trans-and cis-resveratrol could be baseline separated. Even though the resolution decreased with an increase of acetonitrile, baseline separation could be achieved within a short analysis time. A rapid, satisfactory separation method is requested to analyze trans-resveratrol in grapes. Thus, the optimized separation was selected under the condition of acetonitrile/water = 60/40 with formic acid; a chromatogram of the standard trans-and cisresveratrol separation is shown in Fig. 3 .
A standard curve of trans-resveratrol was further established under the optimized analysis conditions. The calibration curve was based on 0.10, 0.25, 0.51, 1.06, 2.81 and 5.76 mg L -1 series concentrations of the standard trans-resveratrol solution. The ratio of the peak area was plotted versus the concentration (Y = 78.04X + 9.27, where Y is peak area, X is the concentration of resveratrol and RSD = 4.08%) and the limit of quantification was determined to be 0.062 mg L -1 .
Optimization of sample preparation
Although several extraction methods can be used for sample preparation, like solid-phase extraction (SPE) 28 and pressured liquid extraction (PLE) 29 as well as supercritical fluid extraction (SFE), 30 the most common method is liquid-solid extraction with an organic solvent. 17, 18 This extraction method was selected in the present work.
To optimize the liquid-solid extraction conditions, three of the most important factors potentially affecting the efficiency of polyphenol products extraction were used for this purpose: the length of the extraction time, the ratio between the volume of the extraction solvent and the sample materials as well as the times of the extraction procedure. The results are shown in Fig. 4 .
It is obvious that with an increase of the extraction time, the extracted resveratrol increased. After 20 h of extraction, however, the increase in the extracted amounts of resveratrol was not that much, with even the extraction efficiency still increasing (Fig. 4a) . Thus, 20 h of extraction was selected in our analysis. When it comes to the point of the amount of the extraction solvent (g) versus the sample materials (g, fresh weight), the extraction efficiency increased upon adding more ethyl acetate, while the increase in the extracted amounts of resveratrol was no longer prominent when the ratio of the solvent versus the sample amount (g/g) went above 2.24 (Fig.  4b) . Thus, the ratio of ethyl acetate versus the sample materials was set at 2.24 (g/g) in the present study. Finally, we also tested the effect of the extraction times for resveratrol accumulation; it turned out that two-times extraction was sufficient since after a two-times extraction procedure, the increase in the extracted Fig. 2 Effect of the acetonitrile concentration on the retention factor. resveratrol was no longer notable (Fig. 4c) . Taken together, the following procedure was selected for sample preparation: 20 h of extraction; the ethyl acetate amount (g) was 2.24-times the used grapes (g, fresh weight) and the extraction procedure was repeated one time. The information presented here theoretically also has a practical application for the wine industry; however, we have to point out that this is only our preliminary optimization for resveratrol extraction, since several other factors, like temperature, pH, storage of the sample and oxidation all have potential effects on the accuracy of the analysis. 31, 32 Thus, further extreme optimization is required, which is now in progress in our lab.
m-HPLC separation of resveratrol in grapes as well as the repeatability and recovery
Under the optimized conditions, an ideal separation of the two isomeric forms of resveratrol can be conducted within less time. However, since many other components coexist with resveratrol in real grape extraction, one must be sure that resveratrol can be separated from other components in real samples under the optimized conditions. To verify the applicability of the separation conditions proposed above, a qualitative and quantitative assay of trans-resveratrol was carried out. A typical chromatographic separation of merlot grape is shown in Fig. 5 . The separation was performed by using a UV detector set at 306 nm. This real sample contained many components, and most of them were more polar compounds, which were eluted in 6 min. Fortunately, trans-resveratrol migrated to near the end of the separation, and could be resolved from other components.
Concerning the repeatability tests, by using merlot grapes with the same pretreatment and analysis procedure (i.e., 20 h extraction, ratio of 2.24 and 2 times extraction), five repeated analyses were conducted. The calculated average retention time was 7.061 min, and the relative standard deviation (RSD) was 0.32%, which indicates that the retention time can be used as the determination standard. Since the peak areas were used as the quantitative standard, the RSD of the peak area was also calculated (RSD = 4.67%), and an excellent standard deviation was achieved. Obviously, the peak area is also a reasonable parameter as the quantitative standard.
In order to evaluate the recovery of the method, known amounts of standard trans-resveratrol were spiked into homogenates of the merlot sample, i.e. a solution of 20 g of a grape sample after homogenization in 50 mL of ethyl acetate. The subsequent treatments, including ethyl acetate extraction, rotary evaporation and m-HPLC quantification steps under the optimized analysis conditions were carried out, and the recovery was calculated by comparing the differences in the transresveratrol concentrations between spiked and unspiked samples to the amount of the standard added. Five repeated experiments were conducted, and the average recovery was determined to be 85.1%.
It is well-known that cis-resveratrol does not exist in Vitis vinifera grapes; 11, 33, 34 even the formation of this isomer could be result from the transition of trans-resveratrol, 19 or cis-resveratrol might exists in grapes, but in a combined form. 10, 11 In our study, the identification of cis-resveratrol was not observed, since there was no peak to be detected in the region corresponding to the cis-form. Similar difficulties were encountered with other grape samples used in this work. Therefore, no attempt was made to quantify cis-resveratrol in the selected samples.
Determination of resveratrol in Chinese grapes
Different authors have measured the content of trans-resveratrol in grape berry skins. [16] [17] [18] 34 In accordance with data published by Okuda and Yokotsuka 18 and Soleas et al., who used the standard HPLC method, 15 we found similar amounts of trans-resveratrol in grapes. For example, the trans-resveratrol content in merlot grapes was 6.77 mg/g fresh weight in our study; it was 7.039 and 5.64 mg/g according to Okuda et 34 Based on our results and others, obviously, different varieties of grapes have different contents of resveratrol, and the same case exists even in the same variety from one vintage to another as well as the developmental stages of grapes. 12, 34 This can be understood since the synthesis of resveratrol has been shown to occur mostly in the skin of the berries, and is stimulated by UV exposure, fungal attack and some other stress conditions. These conditions can be directly influenced by the climate or the state of grapes, like their health, the geographical origin, the intrinsic properties of the cultivars, such as the age of the vines, the grape maturation, and the degree of infection by fungi like Botrytis cinerea. 13, 33, 34 In this manner, the characteristics of the planting area, such as the radiation, temperature, humidity and evaporation all have effects on the fruit composition and, as a consequence, the resveratrol content in grapes. 35 Considering that wine is a direct and easy way for resveratrol introduction into the human diet, in order to produce highquality wines containing higher amounts of resveratrol in the wine-making industry, those grapes that contain significant amounts of resveratrol should be used, although some other factors, like maceration, alcoholic fermentation, inoculation with different yeast strains, malolactic fermentation, precipitation phenomena, oxidation, or adsorption, together with clarification with some fining agents can also affect the levels of resveratrol during the wine-making process. 8, 9, 12, 13, 17 
Conclusions
In conclusion, we have developed an alternative method, m-HPLC, for resveratrol analysis. Because of low amounts of resveratrol existing inside grapes or wines, it makes the method sensitivity to be more important for its analysis and determination. In the present work, m-HPLC was successfully applied to the analysis of resveratrol. It is tempting to speculate that it will be an attractive method, particularly when combined with the mass spectrometry detection method, for resveratrol detection and further wine quality control in the wine industry as well as for further applications in pharmacological studies. Additionally, our results also enrich the database of the resveratrol content from grapes grown in different areas.
